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Abstract — A modern method, geometric morphometrics, was used to clarify 
the taxonomic position of the European Ophioglossum species: O. azoricum, 
O. lusitanicum, and O. vulgatum. The identification of these taxa by traditional 
methods is rather difficult, due to different taxonomic interpretations. Sterile 
leaf shapes were investigated using a landmark-based method and the 
Fourier analysis of outlines. Both methods highlight the shape and the base of 
the leaf as an important diagnostic character.
Index Terms — geometric morphometrics, landmark, Ophioglossum, outline 
analysis.
——————————  u  ——————————
1 introduction
Geometric morphometrics [1], [2] is a technique for multivariate shape analysis that preserves the integrity of biological shape, avoiding its reduction to linear and angular measures that do not include information 
concerning the geometric relationships of the entire subject. allowing to identify 
the anatomical areas of morphological remodelling. Two different kinds of 
geometric morphometrics are most widely used: landmark-based methods 
such a Thin Plate Splines analysis [3], and Fourier analysis of outlines [4]. The 
theoretical formulation has been developed in recent decades by the synthesis 
of multivariate analysis methods of covariance matrices and methods for direct 
visualization of changes in the biological shape [1], [2], [5]. Multiple applications 
exist in the biomedical field, in paleontology, anthropology and zoology. In 
contrast, geometric morphometrics was almost absent from botanical research 
until a few years ago [3], with a few exceptions for Dactylorhiza [6], Quercus [7], 
and other groups. 
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Many groups of plants still require more intensive taxonomic studies. One of 
them is the genus Ophioglossum C. Presl, an ancient fern genus of about 25-
30 species of Ophioglossaceae, with a cosmopolitan but primarily tropical and 
subtropical distribution. The simple morphology of the sporophyte - a single leaf or 
a few - has limited the number of characters available for building classifications 
on morphological ground and clarifying relationships, forcing investigators to rely 
on details of frond size or sporangia number as diagnostic markers. Problems 
associated with the evaluation of these often subtle differences gave rise to 
different taxonomic interpretations of the genus [8]. Furthermore, the number 
of taxonomic studies of Ophioglossum species is relatively low in Europe [9], 
[10], so that many questions concerning Ophioglossum azoricum C. Presl and 
its relationships with the other species (O. vulgatum L. and O. lusitanicum L.), 
remain unresolved. Our study aims at testing a modern method - geometric 
morphometrics - for resolving some of these problems and clarifying the 
taxonomic position of these Ophioglossum species.
2 materialS and methodS
2.1 collecting materialS
We have analysed three species: O. azoricum, O. lusitanicum, and O. 
vulgatum, as well as some critical populations from Tuscany (Moriglion di 
Penna and Monte Pianello, Lucca) and Latium (Selva del Lamone, Viterbo). 
We used 100 exsiccata from 9 European herbaria. We photographed with a 
digital camera all the sterile leaves in the specimens of Cagliari (CAG), Florence 
(FI), Genoa (GE), Pisa (PI), Siena (SIENA), Viterbo (UTV), and Valencia (VAL), 
and we collected images from the website of Paris (P), and Vienna (W). We 
obtained over 203 images, standardized with a resolution of 300 dpi and a size 
of 800x1000 pixels, prepared using Adobe Photoshop 7.0. As a first step, every 
foreign element was eliminated from the picture, thereby isolating the sterile 
leaf, and then the contrast with background was maximized. 
2.2 landmark-baSed method
The TPS - Thin-Plate Splines software package was used for landmark-based 
morphometrics analysis: TpsDig2.12 to digitize landmarks [11] and TpsRelw 1.42 
for statistical analysis [12]. In our case, we could find only 3 homologous points 
(landmarks), due to the shape of the leaf, with an entire margin, and the lack of 
evident veining. A grid of 11 equally spaced horizontal lines was superimposed 
on all images, taking care to position it perpendicular to the longitudinal axis 
of the frond and to align the apex and the base with the top and the bottom 
line of the grid, respectively, to digitize other 18 semi-landmarks (points defined 
relatively to other landmarks). The next step was the development of matrix of 
landmark coordinates through TpsRelw 1.42. This program operates through an 
algorithm used to describe the mechanical deformation of thin metal foils (thin 
plate spline or TPS), building linear combinations of the landmark coordinates. 
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The new variables - called “shape variables” - allow the creation of deformation 
grids that visually illustrate the change in shape compared to the average 
shape of the sample (consensus). We have analysed the entire dataset and the 
partial datasets corresponding to each species and population to defy inter- and 
intraspecific variability, respectively, and we have performed a Relative Warps 
Analysis on the covariance matrix. 
2.3 outline analySiS
For Outline Analysis we used the software package SHAPE 1.3 [13]. based 
on the methodology of Elliptic Fourier descriptors, which allows to describe - in 
terms of harmonics - each type of two-dimensional shape with a closed outline. 
All images were saved in .bps format (24bit) and were converted to binary with 
Chain Coder before tracing the outlines in Chain-code, a coding system that 
describes the geometrical information on the shapes. Then, the Chain-code file 
was transformed into a Normalized Elliptic Fourier file with Chc2Nef, using 20 
harmonics on 77 components. The matrix of the harmonic coefficients underwent 
normalization based on the first harmonic, to transform the data into shape 
variables. Subsequently, a PCA was performed on the variance-covariance 
matrix of normalized coefficients (Elliptic Fourier Descriptors) using PrinComp, 
that gives a graphical output of the average shape ± the standard deviation.
3 reSultS
We report the results of the Relative Warps Analysis (RWA) on the entire 
dataset. The analysis of the first two RWs (accounting for 85.10% and 6.07% of 
the total variance, respectively), shows a clear separation between O. vulgatum 
and O. lusitanicum along RW1, while in the centre of the plot several samples of 
O. azoricum are very close to O. lusitanicum. The samples from Lamone (LAM) 
and M. Pianello (PIA) overlap with O. azoricum, while those from Moriglion di 
Penna (MOR) are distributed along RW1 in the areas of O. vulgatum and of 
O. azoricum. Moving along RW1 from negative values, corresponding to O. 
lusitanicum, to the positive values of O. vulgatum, the associated deformation 
grids show a vertical contraction and an expansion in width, particularly in the 
proximal part of the leaf (Fig. 1). 
The results of the Outline Analysis of the entire dataset (Fig. 2a) are 
consistent with those from RWA: PC1 (accounting for 88.33%) shows the 2 
extreme shapes diversified in the proximal part of the leaf, corresponding to O. 
lusitanicum for the negative end, to O. vulgatum for the positive end. The results 
for the single species show a lower variability in exsiccata of O. azoricum “typus” 
(PC1=56.15%) (Fig. 2b), and of O. lusitanicum (PC1=61.34%) (Fig. 2e), while 
the greater variability is in O. vulgatum (PC1=70.67%) (Fig. 2d), confirming the 
difficulty of a correct identification by traditional morphological methods due to 
the different taxonomic interpretations. 
The results were used to identify the critical samples from LAM, PIA and MOR. 
The LAM outlines (Fig. 2f) have a low variability (PC1=64.15%), they are akin 
to O. azoricum outlines (Fig. 2b-c), as the PIA samples (Fig. 2g), which have a 
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greater variability (PC1=80.67%). On the contrary, the MOR samples (Fig. 2h) 
are diversified (PC1=91.54%), showing 2 extreme shapes, corresponding to O. 
vulgatum (Fig. 2d) and O. azoricum outlines (Fig. 2 b-c).
Fig. 1 – Deformation grids along the first Relative Warp with vectors of deformation 
relative to average shape of fronds, showing the anatomical areas of morphological 
remodelling.
Fig. 2 – Results from Outline Analysis. First principal component of: (a) the entire 
dataset, PC1=88.33%; (b) O. azoricum typus, PC1=56.15%; (c) O.azoricum, 
PC1=64.98%; (d) O. vulgatum, PC1=70.67%; (e) O. lusitanicum, PC1=61.34%; and 
Ophioglossum sp. from: (f) LAM, PC1=64.15%; (g) PIA, PC1=80.67%; (h) MOR, 
PC1=91.54%.
4 diScuSSion
The geometric morphometrics analysis gave results that lead to a better 
characterization of the 3 Ophioglossum species.
The landmark-based analysis does not completely discriminate among the three 
species. It clearly separates O. lusitanicum from O. vulgatum, but O. azoricum 
and O. lusitanicum are widely overlapping. 
More information derives from the deformation grids that highlight a diagnostic 
character like the relative width of the leaf, especially in its proximal part, as 
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confirmed by the Outline Analysis. The graphical outputs of the PCA of outlines 
show the differences between the three species, confirming shape and base 
of the leaf as the main diagnostic characters. O. vulgatum is well distinct from 
the other two species by the shape of the lamina, which is from lanceolate to 
broadly ovate with a large round and attenuated base. O. azoricum and O. 
lusitanicum have a more or less cuneate base, but they are differentiated in the 
leaf shape: from lanceolate to narrow ovate in O. azoricum, lanceolate-linear 
in O. lusitanicum. Geometric morphometrics also allows to identify the critical 
samples: LAM and PIA samples can be referred to O. azoricum, as confirmed 
by both Relative Warp and Outline Analysis. Instead, the Outline Analysis of 
MOR samples shows a higher variance, although this could be attributed to the 
variability of O. vulgatum; probably in this site O. azoricum and O. vulgatum 
coexist.
5 concluSion
The study led to a more accurate characterization of the three species, with 
the identification of valid diagnostic characters, and the presumable discovery 
of 2 new sites of O. azoricum in Italy, M. Pianello (Lucca) and Selva del Lamone 
(Viterbo), even if other analyses (e.g. molecular and caryological) are suggested. 
The research will continue with the revision of all samples that showed abnormal 
or out-of-range values, and by increasing the dataset with exsiccata from other 
herbaria. These results also will allow understanding and defining the actual 
distribution of Ophioglossum species in Italy and Europe. 
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